The near-infrared (NIR) optical properties of human retinal pigmented epithelial (RPE) cells and rare earth nanopowders were studied using a double-integrating sphere setup. The Kubelka-Munk and Inverse Adding-Doubling techniques were applied to obtain absorption and scattering coefficients. These are compared with the coefficients obtained through the Representative Layer Theory described by the Dahm equation. Retinal pigmented epithelial monolayers were cultured from an ARPE19 line in thin cell culture windows, and the nanopowders were pressed into samples of varying thickness. Samples were optically characterized as a function of wavelength. A brief discussion of the shortcomings of existing techniques for computing optical properties when applied to physically thin samples is provided, followed by a comparison between the optical properties of the samples returned by the different techniques.
INTRODUCTION
Understanding the absorption and scattering processes in materials, both inorganic and biological in nature, is fundamentally important for a wide range of applications. One of the most useful and informative ways of describing these processes is through the absorption and scattering coefficients. For inorganic samples, it is usually of no consequence to fabricate samples of a size for which existing optical characterization techniques are appropriate and yield accurate results. However, with research and breakthroughs in many scientific fields focused on increasingly small samples, often with nano-scale features or sample size, the usual techniques for determining optical characteristics become less applicable due to the inherent assumptions in those calculations. This is particularly true in the case of the optical properties of nanoparticles in the longer wavelength regimes, such as the near-infrared (NIR), where the scattering process may become highly dependent on the particle size and geometry instead of being a purely materialistic property.
In obtaining the optical properties of biological samples, such as excised tissue, it may not always be possible to choose the thickness of the sample, and it is usually not possible to obtain the necessary measurements in vivo, particularly those needed to compute the scattering coefficient. This is clearly the case when trying to isolate the properties of thin tissues or those composed of a single cell type, such as epithelial layers or even the retina. There are additional difficulties in optically characterizing excised tissue, such as maintaining the necessary level of hydration and completing measurements as quickly as possible after removal of the samples from the host. When determining differences in the properties of healthy and diseased tissues, it may be difficult to obtain samples from similar donors or in large enough quantities to make any statistical comparison. Alternatively, cultured tissues may be optically studied and, indeed, offer a cost effective, repeatable way to study optical changes in recognized cell lines due to pathological conditions or symptoms which may be induced in a laboratory setting. However, these tend to be physically thin samples, and as such the usual techniques are not entirely apt. In order to better understand the interaction between light and either thin samples or those composed of parts with a characteristic size on the order of the probing wavelength, new techniques for determining the optical properties are needed. In this work, we propose that the Representative Layer Theory as described by the Dahm equation is better suited for characterizing these types of samples, as the model which it is based on more closely resembles these structures. *ufy795@my.utsa.edu; phone 1 210 458-6905; utsa.edu/laserlab
Existing Techniques for Determining Optical Properties
In the pursuit of understanding how light interacts with different materials, some of the earliest techniques remain very accurate for a wide range of sample types. Beer's Law is extremely useful for understanding the absorption properties of a sample and only requires knowledge of the incident light and transmitted light. It remains the basis for a number of currently used spectroscopic experiments. However, it fully neglects the role of scattering in the sample, a very important parameter for those interested in imaging techniques. Because of this, it is a technique best saved for studying samples over regions where absorption dominates, such as in electron excitation in fluorescent molecules and laseractive ions.
The Kubelka-Munk (KM) theory, originally developed to study the optical properties in inks and paint pigments, allows for the calculation of the absorption and scattering coefficients, µ a and µ s respectively, from measurements of the transmitted and backscattered light from a sample. In their treatment of a sample, however, they began with a sample of "infinite" thickness such that no light is transmitted and then extrapolated down to samples of realistic thickness. While this remains a valid and useful technique, it is known to have a sample thickness limitation on the order of 1 mm depending on how strongly the material absorbs the incident light.
The Inverse Adding-Doubling (IAD) technique was specifically designed for measurements taken in the double integrating sphere experiment. It has been shown to be one of the more accurate techniques available for obtaining µ a and µ s . However, it too suffers from a thickness limitation, with values for samples thinner than 3 mm having been shown to be unreliable.
Each of these techniques are based on the assumption that the optical properties are continuous throughout the sample and that the material is homogenous. This presupposition makes it difficult obtain accurate measurements in biological samples, which are often not homogenous. Also, these techniques do not allow for separation of optical properties of multi-material samples.
Representative Layer Theory as expressed through the Dahm equation
The Representative Layer Theory treats a sample as a semi-infinite slab, or layer, comprised of representative "particles" which interact with light. A single sample may be composed of a single layer or of multiple layers; this technique allows for a layer to contain particle types of multiple materials and diameters, as well as voids between the particles so long as each layer is identical in its composition with relation to the volume and surface area ratio between particle types. Because of the initial assumptions about a sample, this technique is particularly applicable to the optical characterization of nanoparticles and biological systems, which may be contain multiple chromophores. When dealing with a sample which may be modeled as a single layer, such as a monolayer of cells, one can easily obtain µ a and µ s from the transmittance and backscattered measurements of the double integrating sphere setup.
EXPERIMENTAL METHODS & SAMPLES

Double-integrating sphere experiment
The double integrating sphere experiment allows one to obtain values for total transmittance (T), collimated transmittance (T c ), and reflectance (R), or backscattering, of light from a sample. The basic setup appears in Figure 1 . With the sample fixed between the two spheres, light intensity measurements are taken from the photodetectors attached to each sphere, usually photomultiplier tubes for the visible spectrum and solid-state detectors for the infrared. A number of correctional measurements taken without the sample present are also taken and combined in a simple algebraic form to yield the transmittance and backscattering. The details of the measurements needed may be found in our previous work. 1 By moving Sphere II back along the lasers axis by 1 meter, a measure of the collimated transmittance may also be obtained. These measurements may then be used in the various techniques discussed herein to yield values for the absorption and scattering coefficients, µ a and µ s . 
Calculation of optical properties
Computation of µ a and µ s using the KM theory was carried out using the well known method described by Van Gemert, et. al. for the diffuse approximation. 2 The IAD method requires the addition of the collimated transmittance in order to numerically solve for µ a and µ s . The process is well detailed in previous work by Prahl.
3 Calculation of the optical properties using the Representative Layer Theory is highly dependent on the Dahm equation, given by
2 ) / R , which is independent of sample thickness. 4 When modeling a sample as a single representative layer comprised of particles, the backscattering is given as
, where S denotes the percentage of a layers surface area covered by particle type j, d is the sample thickness, B is the remittance or scattering coefficient, and the sum is over all particle types. The fraction of light absorbed due to the sample is given as
, where K is the absorption coefficient. 4 In modeling these samples as single layers composed of one particle type, we can use the relation that A(R,T ) = 2K / B . By treating the sample in this way, the coefficients K and B, as described by Dahm and Dahm, are equivalent to the usual µ a and µ s for isotropic scatterers.
From these equations, one may easily compute the coefficients as K = R ⋅ A(R,T ) Sd
. The samples herein were treated such that the surface area being measured was completely covered by the interacting particles; thus, S=1. This theory is further explored and explained within the book published by Dahm and Dahm, including a method for modeling samples as multiple layer structures. 4 
Samples
Commercially available erbium and yttrium oxide nanopowders were concentrated into pressed powder samples between two glass microscope slides with the aid of spacers. Care was taken to ensure as uniform a density as possible. Thickness measurements were taken at multiple points across the measurement area and averaged. It is known that these powders consist of particles with varying diameter, ranging from 10s to 100s of nanometers. Also, without additional surface treatment these oxide particles are known to adhere into multi-particle clusters with an overall size on the order of a few microns. For the erbium oxide nanopowder, Sample 1 had a mean thickness of 0.16 mm and Sample 2 had a thickness of 0.18 mm. For the yttrium oxide nanopowder, Sample 1 had a mean thickness of 0.15 mm and Sample 2 had a thickness of 0.11 mm.
ARPE19 cells, a human RPE cell line, were grown in DMEM solution with 10% FBS. Samples were cultured in Nunc Opticell cell culture windows for ease of placement in experimental setups and for the large surface area available for measurement. In these culture windows, there is a distance of about 2 mm between the membranes. Standard protocols were followed in culturing of the tissues, and the growth media was replaced with HBBS immediately prior to measurement of optical properties. The background measurements were taken for an Opticell filled with only HBBS. Care was taken to ensure the samples were kept as near to body temperature as possible, only being removed from an incubating environment during the actual time of measurement. This particular cell line is initially unmelanized and must go through a process to induce melanization. In culture, these cell naturally regulate themselves to a monolayer. As such, they make a good test sample for the Representative Layer Theory.
The excised bovine RPE were removed within an hour of harvesting from bovine eyes provided by a local beef packer plant. The tissue was washed with PBS and placed between two glass microscope slides. The average thickness of the sample, 0.187 mm, was used for calculations.
RESULTS & DISCUSSION
Backscattered and transmittance measurements were taken for each of the samples as illuminated by a continuous-wave titanium sapphire laser over the spectrum ranging from 750 to 1000 nm, with a measurement increment of 50 nm. These were then used in each of the various techniques previously described to obtain µ a and µ s . The spectra for each of the sample types follow.
Erbium oxide nanopowders
In the case of the pressed nanopowder samples, we can see that the absorption coefficients obtained through KM and the Dahm equation follow the same general trends across the spectrum. KM theory overestimates for absorption, which is expected considering the high amount of scattering in the sample and its thinness. Were the sample thicker, diffusion of light within the sample would more likely lead to the absorption of these scattered photons rather than their remittance out of the incident plane. Conversely, KM theory underestimates the scattering coefficient of the sample, yielding a nearly constant value across the spectrum. The Dahm equation returns values on the same order of magnitude, yet significantly higher. The Dahm µ s from each sample also follows the same trends across the spectrum, excepting the first value at 750 nm. It is interesting to note that the rises and dips seen in µ a correlate to the opposite change in µ s . Intuitively, this follows from the fact that even a small change in the µ a will yield a significant shift in µ s for samples thicker than a single layer since the chances for an absorption event are increased. 
Yttrium oxide nanopowders
In the yttrium oxide nanopowders, the µ a from KM and the Dahm equation followed the same general trends across the spectrum as well. KM theory again overestimated the absorption power of the samples, due to the thinness. Although less structure was seen in the trends for µ s , the coefficient obtained from the Dahm equation was generally higher than that of the KM theory. 
Human RPE cell cultures
In the RPE cultures, the IAD technique was also employed to obtain values for µ a and µ s . All three techniques returned µ a values with the same general trend across the spectrum. In contrast to what was seen in the nanopowder samples, KM and IAD theories gave underestimated values. This is due to the fact that the sample is so thin that there is likely only one absorption interaction occurring within such a short pathlength, if any at all. Since KM and IAD expect there to be multiple chances for an absorption event, they underestimate the value in this instance. By the same reasoning, the values for µ s returned by KM and IAD are overestimated, as can be seen. 
Bovine excised RPE
FUTURE WORK & IMPLEMENTATION
Obtaining the absorption and scattering coefficients, µ a and µ s , using the Representative Layer Theory and the Dahm equation has been shown to yield comparable yet distinctly different values from the conventional techniques. In the inherent assumptions of the theory, these values should be more accurate for physically thin samples and samples comprised of particulate constituents; Dahm and Dahm have provided a rigorous study on the accuracy of this computational technique in their book. 4 The data presented here is part the ongoing work to further adapt this theory to the problem of obtaining more accurate optical properties of complex biological samples, particularly as it applies to cell cultures.
The ultimate aim is to reach a method such that the measurements taken by the double integrating sphere experiment on an unknown sample will yield µ a , µ s , an estimate of particle size, and the number of layers in the sample. In order to gain this detailed knowledge of the sample, some a priori information may be necessary. For example, if the absorption coefficient for the sample is known, then a least squares fitting would provide a means of obtaining the desired properties of the sample. If the diameters of each particle type and concentrations were known, one could obtain the optical properties for each particle type as well as the number of layers. Also, the collimated transmittance measurement was not taken into account for the Dahm equation values, and may provide enough information to calculate accurate optical and physical properties of the sample. One of the difficulties in modeling samples as multiple representative layers is the separation of the absorption and scattering coefficient from the measure of light absorbed, A, since the exponent becomes a combination of the two in such a case. In the future, numerical methods will be applied to calculating µ a and µ s for samples modeled as multiple representative layers. Furthermore, Stokes' plane parallel mathematics can also be used to describe samples modeled in this way, and may provide a complementary method for computing the optical and physical properties of the representative layers. Ultimately, this method may provide a comprehensive method for characterizing biological and nanoparticulate samples, as well as sensing particulate size of a sample.
